Moskvinite-(Y), Na 2 K(Y,REE)Si 6 O 15 , is a rare mineral, which until now has only been described from its type locality Dara-i-Pioz, Tajikistan. At Ilímaussaq moskvinite-(Y) was discovered in a drill core from Kvanefjeld, where it occurs as a replacement mineral associated with a mineral belonging to the britholite group. The composition was determined by a combination of electron probe microanalysis and laser ablation inductively coupled plasma mass spectrometry analyses. The empirical formula based on 15 oxygens is Na The coexistence of an almost pure Y and a light rare-earth element (REE) mineral is interpreted as fractionation of REE and Y during the replacement of an earlier formed REE mineral. Theoretical calculations of the observed replacement of feldspathoids by natrolite show that the generated fluid would have pH > 8, which inhibits large scale mobility of REE. In addition, a K-Fe sulfide member of the chlorbartonite-bartonite group is for the first time observed in Ilímaussaq where it occurs where sodalite is replaced by natrolite and arfvedsonite by aegirine. The sulfide incorporates the S and some of the Cl generated by the alteration of sodalite, whereas the K and Fe originates from the replacement of arfvedsonite by aegirine.
Introduction
THE Ilímaussaq alkaline complex is situated in South Greenland and is among the youngest alkaline complexes in the region associated with the Gardar rifting (Upton, 2013) dated to ∼1.16 Ga (Waight et al., 2002; Krumrei et al., 2006) . Kvanefjeld is situated in the northern part of the complex ( Fig. 1 ) and consists mostly of lujavrites, which are arfvedsonite-or aegirine-bearing sodalite and alkali feldspar, nepheline syenites (Ussing, 1912) . Lujavrite is fine grained, with grains up to 0.6 mm but sodalite grains can be up to 2 mm. In addition to the normal lujavrites, Ilímaussaq also contains naujakasite lujavrite and a mediumto-coarse grained lujavrite named m-c-lujavrite.
Lujavrite represents the last phase of the magmatic evolution of the Ilímaussaq complex resulting in high concentrations of critical elements, mostly hosted in steenstrupine-(Ce) and lovozerite-group minerals (e.g. Ussing, 1912; Ferguson, 1964; Sørensen, 1992; Sørensen et al., 2011) .
In the 1950s Kvanefjeld was discovered as a potential U-deposit, which led to extensive drilling and exploration that culminated with a 1 km adit being made in 1980-81 (Sørensen, 2001) . For political reasons the Kvanefjeld project was terminated in 1983. In 2007, Greenland Minerals and Energy Ltd initiated a new drilling campaign on Kvanefjeld. The new focus was on Kvanefjeld as a multi-element deposit with REEs as the main target metals together with U and Zn. The former two metals are both hosted primarily in steenstrupine-(Ce), and the latter in sphalerite, which occurs in all of the lujavrites.
Moskvinite-(Y), ideally Na 2 K(Y,REE)Si 6 O 15 , was first described from the Dara-i-Pioz moraine in Tajikistan and Sokolova et al., (2003) described the structure in detail. Until now, Dara-i-Pioz is the only locality where moskvinite-(Y) has been observed. It occurs intergrown between reedmergnerite, telyushenkoite and an unidentified Y silicate .
The present work describes the first occurrence of moskvinite-(Y) in Greenland from the new drilling campaigns carried out on Kvanefjeld. In addition, some general implications of the REE mineralogy of Ilímaussaq are discussed in relation to primary mineralogy and late-stage alteration as well as fluid compositions. Furthermore, the first occurrence of a K-Fe sulfide in Ilímaussaq is discussed.
Analytical methods

Electron probe microanalysis (EPMA)
The major elements were determined by EPMA using the Cameca SX100 electron microprobe, at the Department of Geosciences, University of Oslo, operating in wavelength-dispersion mode with an acceleration voltage of 20 kV and a beam current of 15 nA. The electron beam was defocused to a diameter of 5 μm to minimize the effects of alkali mobility in the samples resulting from beamsample interaction. Moskvinite-(Y) did not show beam damage at these conditions, but typically a bright blue and slowly fading cathodoluminescence was observed. The following calibration standards were used: wollastonite (Si), albite (Na), orthoclase (K) and synthetic orthophosphates (Y, Gd, Dy, Er and Yb) (Jarosewich and Boatner, 1991; Donovan et al., 2003) . Intensity data were corrected for inter-element overlaps, and for matrix effects using the PAP procedure (Pouchou and Pichoir, 1984) . The samples were checked using a scanning electron microscope with energydispersive spectroscopy (SEM-EDS) to make sure no other elements, than those analysed were present in the mineral. 
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Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
Trace elements and REE were analysed with an Agilent 7700 Series quadrupole ICP-MS connected to a Resonetics RESOlution M-50-LR laser ablation unit equipped with a 193 nm Coherent COMPex Pro 110 laser based at the Pacific Center for Isotopic and Geochemical Research at the University of British Columbia. To minimize detector overload a 13 μm beam was used during data collection. The data were processed using the IGOR Pro software (WaveMetrics, wavemetrics.com). The NIST 612 and ATHO standards were used to monitor instrument drift during the analytical session and Si from EPMA as an internal standard. Table 1 presents the compositional data and the formula calculated based on 15 oxygens with a comparison of moskvinite-(Y) from Dara-i-Pioz.
Energy-dispersive spectrometry
Semi-quantitative EDS analyses were carried out on a Hitachi S-3600 low vacuum SEM equipped with a Bruker XFlash 5030 Silicon Drift Detector (SSD), housed at the Natural History Museum, Oslo. Well-characterized zeolites from the mineral collection at the Natural History Museum were used to confirm the zeolite identifications by this semiquantitative EDS method.
Occurrence
Moskvinite-(Y) was discovered in sample K_M010_130, which is from the metallurgical drill core K_M010 at a depth of 130 m (core hole collar UTM 23 V 446255mE 6760294mN). The rock is a homogeneous arfvedsonite lujavrite containing arfvedsonite, nepheline, sodalite, albite, aegirine, steenstrupine-(Ce) and natrolite. Moskvinite-(Y) occurs together with a mineral of the britholite group in pseudomorphs after an unknown primary mineral. Figure 2a shows that alteration of arfvedsonite to aegirine has taken place around the pseudomorphs containing moskvinite, but also around steenstrupine-(Ce) and lovozeritegroup minerals, both of which have been altered. Figure 2b shows aegirine partly to fully replacing * LA-ICPMS data; -below detection limit; # from Agakhanov et al., 2003. arfvedsonite, which is typical for alteration events in Ilímaussaq (e.g. Ussing 1898; Sørensen et al., 2003) . However, the majority of the arfvedsonite in the rock remains unaltered. Microcline and at times natrolite are also present in the moskvinite-(Y) containing pseudomorphs. Moskvinite-(Y) occurs as large, mostly single grains, in pseudomorphs after a mineral that had a hexagonal, platy habit. It has not been possible to find remnants of the primary mineral. A sample from the same core from a depth of 115 m showed no evidence of moskvinite-(Y) or a mineral, which could be the primary mineral. All pseudomorphs containing moskvinite-(Y) also contain small (up to 15 μm) aggregates of a Ca-LREE-phosphosilicate believed to belong to the britholite group (Fig. 2c ). Both nepheline and sodalite have experienced alteration along grain boundaries. Semi-quantitative EDS revealed that in both cases natrolite is the newly-formed mineral. When natrolite is replacing sodalite it contains platy grains, up to 10 μm in size, of a K-Fe sulfide, which is not observed where natrolite replaced nepheline. sulfide as the surrounding natrolite does not contain any Cl, whereas Na, Al and Si are from the hosting natrolite.
Results
Discussion
The lujavrites of Kvanefjeld are enriched in light REE (LREE) compared to heavy REE (HREE) and Y. Bailey et al. (2001) determine the average content of the LREE (La, Ce and Nd) for aegirine lujavrite, arfvedsonite lujavrite and m-c-lujavrite to be 3288, 10,300 and 7940 ppm, respectively compared to 607, 642 and 297 ppm Y for the same rocks. Therefore, it is not surprising that only 14% of the REE minerals known from Ilímaussaq are Y dominated (Table 2) . et al., 1994) . The composition of abenakiite-(Ce) could be the source of both Si to moskvinite-(Y) and P for the britholite-group mineral in the pseudomorphs. The S and C from abenakiite-(Ce) could have ben lost during the alteration and with the high Na content the structure may allow for some K, which could be incorporated in the late moskvinite-(Y). Although the composition of abenakiite-(Ce) is not ideal for being the precursor mineral, e.g. the lack of K, it is possible that the K in moskvinite-(Y) has a different origin (see discussion below). When exploring the potential precursor mineral it is important to bear in mind that the mineralogical complexity of Ilímaussaq makes it highly likely that the precursor mineral was a species not yet known to science.
Alteration of feldspathoids
Natrolite and analcime are both abundant alteration minerals after feldspathoids in Ilímaussaq (e.g. Ussing, 1912; Markl and Baumgartner, 2002) . To understand the nature of the fluid causing the alteration it is necessary to bear in mind that replacements in Ilímaussaq are typically volume conserving (Markl and Baumgartner, 2002) . The moskvinite-(Y) sample shows no evidence for either volume expansion or reduction, and therefore only volume conserving reactions will be applied. For simplicity the following calculations are based on the replacement and formation of 100 cm 3 , which was also used by Markl and Baumgartner, (2002) . The major replacements taking place are arfvedsonite (Arf ) to aegirine (Aeg), sodalite (Sdl) and nepheline (Nph) to natrolite (Ntr) (see Table 3 for formulae and constants used in the following calculations). The prefixes in the following reactions are the molar amounts involved in replacing and creating the same volume of the respective minerals. 
Reaction 1 shows that the replacement of sodalite by natrolite requires additional Si, O and H, and produces a surplus of Na, Al and Cl, whereas the replacement of arfvedsonite by aegirine consumes Na and produces H and Fe (reaction 2). The replacement of nepheline by natrolite only requires H and generates Na, Al, Si and O (reaction 3). The hydrogen produced by reaction 2 is not sufficient to generate the amounts of zeolites observed in the sample. Hence the hydrogen must have been introduced via the fluids initiating the alteration. 
Ilímaussaq is the type locality for the minerals in bold.
Alternatively, the precursor mineral in the moskvinite-(Y) pseudomorphs was hydrated. Both the replacements of sodalite and arfvedsonite require Si, which is produced by the replacement of nepheline by natrolite. However, as with hydrogen, the silica produced by reaction 3 is not enough to fulfil the requirements of reactions 1 and 2. The replacement of Cl-bearing minerals (sodalite and eudialyte) in Ilímaussaq generally results in a loss of Cl (e.g. Karup-Møller et al., 2010; Borst et al., 2015) although secondary sodalite has been observed . Tugtupite (Na 8 Be 2 Al 2 Si 8 O 24 Cl 2 ) is the only major, secondary chlorine-bearing mineral in Ilímaussaq. Tugtupite is typically an alteration product after chkalovite (Na 2 BeSi 2 O 6 ) (Sørensen et al., 1971) , but its abundance (relatively rare) cannot account for all of the chlorine being released. Therefore, the majority of chlorine generated by the replacement reactions is lost from the system. The replacement of arfvedsonite and sodalite both require the addition of Si, and the presence of natrosilite (Na 2 Si 2 O 5 ) in one vein sample (author's material and mentioned in Marks and Markl, 2015) indicates Na-Si-rich fluid as a possible candidate. This is in agreement with studies of the phase relations for various Ilímaussaq minerals (e.g. Andersen and Sørensen, 2005) . Alternatively, Markl and Baumgartner, (2002) proposed the formation of H 4 SiO 4 during reaction of alkaline fluids in Ilímaussaq. The latter would also account for the additional hydrogen required to form the zeolites. Water-soluble minerals such as natrophosphate (Na 7 (PO 4 ) 2 F·19H 2 O) and dorfmanite (Na 2 HPO 4 ·2H 2 O) have also been described from Ilímaussaq (Petersen et al., 1993 (Petersen et al., , 2001 . It is possible that the fluid taking part in the alteration also contained P, which was then incorporated in the britholite-like mineral associated with moskvinite-(Y). However, the exact nature of the fluid cannot be determined from the current study.
In alkaline systems, Cl and F-complexes have been shown to take part in REE mobilization and concentration (for a review see Salvi and WilliamsJones, 2004) . However, in Ilímaussaq the alteration of primary eudialyte retains the REE and high-fieldstrength elements (HFSE) in newly-formed minerals within the original grain boundary. The replacement of early magmatic REE and Zr minerals generally results in secondary minerals with reduced chemical and structural complexity. Typically, eudialyte is replaced by catapleiite and other minor phases incorporating the Zr, REE and Nb for example monazite-(Ce), nacareniobsite-(Ce), fergusonites, britholite-group minerals etc. (e.g. Ussing, 1912; Karup-Møller et al., 2010; Borst et al., 2015) . Correspondingly, monazite-(Ce), britholite-group minerals, thorite and xenotime-(Y) can form as alteration products of steenstrupine-(Ce) (Makovicky et al., 1980; H. Friis, unpublished data) . Migdisov and Williams-Jones, (2014) showed that at elevated pH, REE form stable complexes and therefore the mobility of REE is limited at high pH. Borst et al., (2015) argue that this explains why the REE and HFSE are retained during replacement of eudialyte in Ilímaussaq. This is supported by Markl and Baumgartner (2002) , who found that the ratio of Na/Cl is the most important determinant for pH in Ilímaussaq fluids and with Na/Cl > 1 the pH rapidly increased to above 8. From reaction 1, it is apparent that the replacement of sodalite by natrolite results in Na/Cl ≈ 1.5, which equals a pH > 8, i.e. alkaline (Markl and Baumgartner, 2002) . Although Na is consumed during aegirine formation, which would lead to a reduction in the Na/Cl ratio, the replacement of nepheline by natrolite releases additional Na (reaction 3), and consequently increases the Na/Cl ratio and pH. Furthermore, as Cl leaves the system the pH is likely to be higher than that estimated based on reaction 1. It is inferred that the high pH of the alteration caused REE and Y to be retained within the original grain boundaries and REE being fractionated into new phases, rather than being removed, or introduced, to the system. Yttrium and HREE from the precursor mineral were incorporated into secondary moskvinite-(Y) whereas the LREE formed the secondary britholite-group mineral.
K-Fe sulfide
Sulfides with K and Fe are relatively rare and only five species are recognized namely bartonite (K 6 Fe 24 S 26 (S,Cl)), chlorbartonite (K 6 Fe 24 S 26 (Cl, S)), djerfisherite K 6 (Fe,Cu,Ni) 25 S 26 Cl), murunskite (K 2 (Cu,Fe) 4 S 4 ) and rasvumite (KFe 2 S 3 ). They typically occur in highly alkaline rocks (e.g. Sokolova et al., 1970; Czamanske et al., 1979; Dobrovolskaya et al., 1981; Lisitsin et al., 2002; Yakovenchuk et al., 2003; Chakhmouradian et al., 2007; Andersen et al., 2012 Andersen et al., , 2014 , carbonatites (e.g. Mitchell, 1997; Jago and Gittins, 1999; Mitchell, 2006) , kimberlites (e.g. Clarke et al., 1994; Sharygin et al., 2008) , ultramafic rocks (e.g. Czamanske et al., 1981; Zaccarini et al., 2007) and as secondary minerals in metamorphic rocks (e.g. Bianconi et al., 1978; Jamtveit et al., 1997) . The sulfide observed in the natrolite replacing sodalite (Figs 3 and 4) does not correspond to any minerals currently known from Ilímaussaq. Based on the Fe/K ratio of ∼4 and the presence of Cl the mineral is either bartonite or chlorbartonite. If the semi-quantitative data is fixed to K = 6 a.p.f.u. then Cl is 0.85 a.p.f.u. indicating that the mineral is most likely chlorbartonite, which has the end-member formula K 6 Fe 24 S 26 Cl. At the type locality, chlorbartonite occurs with sodalite, natrolite and aegirine in a hydrothermal vein, which is similar to the Ilímaussaq paragenesis (Yakovenchuk et al., 2003) . Arfvedsonites in Ilímaussaq typically have high K content even >0.5 a.p.f.u. (Sahama, 1956; Markl, 2001; Sørensen et al., 2003; Pekov et al., 2004) , which when altered could be the source of both K and Fe in the sulfide. Sodalite at Ilímaussaq typically contains some sulfur in addition to Cl (Hettmann et al., 2012) . The alteration of sodalite could be the source of both S and Cl in the sulfide, which explains why the sulfide has only been observed in natrolite formed after sodalite and where arfvedsonite is also being replaced by aegirine. Divalent Fe in arfvedsonite is being oxidized to form aegirine, however, if the oxygen fugacity was high one would expect that the released S would also oxidize and form an Fesulfate such as jarosite (KFe 3 3+ (SO 4 ) 2 (OH) 6 ). However, the high alkalinity must provide a buffer for the system resulting in coexisting oxidized and reduced elements.
The exact identification of the bartonite-group mineral is not as important as the implications of its presence and distribution in the sample. The fact that the bartonite-group mineral is restricted to the immediate vicinity of sodalite and arfvedsonite being replaced implies that the fluid causing the alteration was slow moving or stagnant. Had the alteration fluid been moving rapidly through the rock, the bartonite-group mineral would have been distributed more evenly as the fluid carried them through the rock. Alternatively, if the fluid moved quickly through the rock, it is likely that it would be homogenized and hence may not provide the conditions for forming the bartonite-group mineral. For these reasons it is inferred that alteration occurred as one initial fluid influx starting the alteration or as a continuous very slow moving fluid influx. Both scenarios would contribute to the low mobility of REE as the alteration cannot be compared to an active open fluid system. Consequently, alteration parageneses are spatially very localized, contributing to the mineral diversity of Ilímaussaq.
Conclusions
Moskvinite-(Y) from a lujavrite sample from Kvanefjeld, Ilímaussaq alkaline complex illustrates the mineralogical complexity of Ilímaussaq. The lujavrites are distributed throughout the complex and they have a high degree of mineralogical diversity. The current study has shown that the alteration of primary REE minerals at Kvanefjeld results in a redistribution of the REE into specific new phases, but without the removal or addition of REE. In other words, the alteration does not influence the grade of critical materials, but only the mineralogy. This is due to the high pH during alteration, which inhibits the mobility of REE. The fact that moskvinite-(Y) is a secondary mineral follows the general trend from Ilímaussaq, where Y-dominated minerals are all formed as a result of alteration of a primary REE-rich mineral. Furthermore, during alteration there has not been a constant rapid flow of fluid through the rock, as that would have distributed the bartonite-group mineral more widely.
